Introduction
Selenium is an essential trace element for many organisms due to its occurrence in selenoproteins in the form of selenocysteine (Sec, U), the 21st amino acid in the genetic code [1] [2] [3] . In humans, Sec replaces cysteine (Cys) in 25 proteins and enzymes [4] . Sec-containing enzymes are primarily oxidoreductases where selenium is involved in thiol/ disulfide exchange reactions [5] . The reason given most often for its use in enzymes is that as a superior nucleophile relative to Cys it accelerates the rate of enzymatic reactions and provides a type of catalytic advantage [6] .
Selenium is also present in tRNA in the form of 5-methylaminomethyl-2-selenouridine (mnm 5 se 2 U) and 5-carboxymethylaminomethyl-2-selenouridine (mcm 5 se 2 U) [7] , where it is found in position 34 (the wobble position) of the anticodon stem loop of three tRNA species: tRNA analog, uridine [8] [9] [10] . Specifically, this modification has been shown to destabilize the U/G wobble pair and increase the affinity of the U/A base pair [10] , leading to greater translational fidelity during protein synthesis. Fine-tuning of translational fidelity is also the function that has been assigned to the analogous sulfur-containing nucleosides 5-methylaminomethyl-2-thiouridine (mnm 5 s 2 U) and 5-carboxymethylaminomethyl-2-thiouridine (mcm 5 s 2 U) [11] [12] [13] . A recent study has raised the possibility that the redox chemistry of sulfur could provide an additional rationale for 2-thio substitution in uridine as it showed that 2-thiouridine desulfurizes when subjected to excess H 2 O 2 , resulting in two distinct products whose formation is pH dependent [14] [15] [16] . This study introduced the idea that desulfurization of 2-thiouridine may be part of a redox signaling pathway in response to oxidative stress [17] . The redox chemistry of selenium is much different than that of sulfur [18] , so if 2-thiouridine is part of a redox signaling then substitution of sulfur with selenium should alter this potential signaling pathway in some way.
While there have been multiple studies analyzing the differences in the redox properties of selenium-containing enzymes and their sulfur orthologs [19] [20] [21] [22] [23] , there has been no such study comparing the redox properties of 2-thiouracil and 2-selenouracil. In the current study, we synthesized water-soluble sulfur-and selenium-containing analogs of uracil for the purposes of making direct comparisons of their redox chemistry. These analogs included uracil-5-carboxylic acid (c 5 Ura, 1), 77 Se-NMR. The identities of the oxidation products were determined by liquid chromatography-mass spectrometric (LCMS) analysis. Biologically relevant reducing agents, glutathione (GSH) and ascorbate (Asc) were added to the assay either before, or during the course of the oxidation in order to determine the extent of the reversibility of the reaction. Our results show significant differences in the redox chemistry of s Ura (3) when they are oxidized by H 2 O 2 , as well as large differences in the reversibility of the oxidation reaction upon the addition of reducing agents. These findings raise the possibility that 2-selenouridine has a redox function in the organisms in which it is found in addition to having a role in translational fidelity. If true, it would be a unifying rationale for the occurrence of selenium in proteins and tRNAs, suggesting a common reason for the use of this element in nature.
Materials and methods

Materials
All materials were purchased from either Sigma-Aldrich (Milwaukee, WI) or ThermoFisher Scientific (Pittsburgh, PA). Se-NMR). All reactions were performed using oven-dried glassware, and all reagents were used as received.
Synthesis of uracil-5-carboxylic acid (1)
The syntheses of 1 and 2 are essentially identical to the synthesis reported by Ballard and Johnson, with some slight modifications (see Scheme 1) [24] . In an oven dried flask, sodium (1.06 g, 46.3 mmol) was dissolved in anhydrous ethanol (55.5 mL) under an argon atmosphere at room temperature. Upon complete dissolution of the sodium, urea (2.56 g, 42.7 mmol) was added. The solution was then heated (45°C) to aid in dissolution. Once completely dissolved, diethyl ethoxymethylenemalonate (8.59 mL, 42.5 mmol) was added drop wise to maintain internal temperature of 45°C. After complete addition the solution was heated (100°C) and stirred for 1.5 h, then stirred overnight at room temperature. The reaction was vacuum filtered and the white solid obtained was dissolved in 100 mL of water (90°C) and then slowly acidified with 12 M HCl (5 mL, 60.0 mmol). The solution was cooled overnight (5°C) then vacuum filtered and triturated with cold H 2 O to reveal a white solid. The solid was dissolved in 2 M aqueous potassium hydroxide (50 mL, 100.0 mmol), then heated at 95°C for 2.5 h under an argon atmosphere to saponify the ethyl ester. The sample was slowly acidified with 12 M HCl, washed with cold H 2 O, and thoroughly dried to yield 6.21 g (39.8 mmol, 93.6% overall yield) of 1 as a white solid. 
Synthesis of 2-thiouracil-5-carboxylic acid (2)
In an oven dried flask, sodium (1.06 g, 46.2 mmol) was dissolved in anhydrous ethanol (55.5 mL) under an argon atmosphere at room temperature. Upon complete dissolution of the sodium, thiourea (3.25 g, 42.7 mmol) was added. The solution was then heated (45°C) to aid in dissolution. Once completely dissolved, diethyl ethoxymethylenemalonate (8.59 mL, 42.50 mmol) was added drop wise to maintain internal reaction temperature of 45°C. After complete addition the solution was heated (100°C) and stirred for 1.5 h, then stirred overnight at room temperature. The reaction was vacuum filtered and the white solid obtained was dissolved in 100 mL of H 2 O (90°C) and then slowly acidified with 12 M HCl (5 mL, 60.0 mmol). The solution was cooled overnight (5°C) then vacuum filtered and triturated with cold H 2 O to reveal a white solid. The solid was dissolved in 2 M aqueous potassium hydroxide (100.00 mmol, 50 mL), then heated at 95°C for 2.5 h under an argon atmosphere to saponify the ethyl ester. The sample was slowly acidified with 12 M HCl, washed with cold H 2 O, and thoroughly dried to yield 7.05 g (40.9 mmol, 96.4% overall yield) of 2 as a white solid. 
Synthesis of 2-selenouracil-5-carboxylic acid (3)
For the synthesis of 3, the procedure reported by Ballard and Johnson was modified to substitute selenourea in place of urea/ thiourea [24] . Our modified procedure is reported as follows: In an oven dried flask, sodium (0.10 g, 4.35 mmol) was dissolved in anhy- 2.5. Analysis of 2 and 3 by UV-vis spectroscopy and determination of pK a UV-vis spectral scans (from 200 nm to 800 nm) of 50 μM solutions of 2 or 3 in 100 mM potassium phosphate buffer, pH 7.0 were performed using a Cary-50 UV-vis spectrophotometer from Varian (Walnut Creek, CA) at 25°C. For pK a determination, spectral scans of 25 μM solutions of 2 and 3 were taken in the pH range of 4-10 using a tripartite buffer solution consisting of 100 mM sodium acetate, 100 mM sodium phosphate, and 100 mM sodium borate at 25°C. The spectrophotometer was set to take an absorbance reading every 0.5 nm from 200 nm to 800 nm after it was blanked with the buffer. A plot of λ max versus pH was constructed and the resulting titration curve was fitted to the equation of a sigmoidal curve. Determination of the inflection point yielded the pK a value.
Measurement of glutathione-peroxidase activity
A glutathione reductase (GR) coupled assay was used to measure the glutathione-peroxidase (Gpx) activity of each uracil derivative or ebselen, a well known Gpx-mimic [25] . Assays contained 5 units of GR, 1 mM GSH, 200 μM NADPH, and either 10 µM ebselen, 50 µM 3, or 500 µM 2 in 50 mM potassium phosphate, pH 7.6, in a final volume of 1 mL. The assay was initiated by addition of H 2 O 2 in the range of 0-1 mM and the absorbance at 340 nm was monitored for 2 min with a Cary 50 UV-vis spectrophotometer. The activity was calculated using the extinction coefficient of NADPH (6220 M −1 cm 
LCMS analysis of the oxidation assays of 2 and 3
A solution of either 2 or 3 at a concentration of 10 mM in 100 mM phosphate buffer at pH 7.4 was prepared in H 2 O. To the solution was added one equivalent of H 2 O 2 then the reaction was allowed to proceed for 2 min at room temperature. The solution was then flash frozen in a dry ice/isopropanol bath, lyophilized, and the resulting solid was submitted for LCMS analysis.
Rescue assay conditions of
2 and 3 for 1
H-NMR analysis
In order to find out whether the oxidation products of 2 and 3 were reversible upon the addition of reducing agents, a "rescue assay" was designed such that 2 and 3 were initially oxidized, after which one equivalent of reducing ("rescue") agent was added and then the result of the reaction was monitored by both 1 H-NMR and LCMS.
A solution of either 2 or 3 at a concentration of 100 mM in 100 mM phosphate buffer at pH 7.4 (pD=7.81) was prepared in D 2 O. An initial 1 H-NMR spectrum was acquired to establish the initial time point, then one equivalent of H 2 O 2 was added to the solution and the reaction was monitored by 1 H-NMR every 30 s for 2 min. After acquiring the spectra at t=2 min, the sample was ejected from the spectrometer and one equivalent of either dithiothreitol (DTT) or ascorbic acid (dissolved in D 2 O) was added and the reaction was monitored by 1 H-NMR every 30 s for an additional 8 min.
Rescue assay conditions of 2 and 3 for LCMS analysis
A solution of either 2 or 3 at a concentration of 10 mM in 100 mM phosphate buffer at pH 7.4 was prepared in H 2 O. To the solution was added one equivalent of H 2 O 2 then the reaction was allowed to proceed for 2 min at room temperature. After 2 min, one equivalent of either dithiothreitol (DTT) or Asc was added and the reaction was allowed to proceed for an additional 2 min. The solution was flash frozen in a dry ice/isopropanol bath, lyophilized, and the obtained solid was submitted for LCMS analysis. In order to determine how 2 and 3 would respond to oxidation by H 2 O 2 in the presence of biologically relevant reducing agents, a second rescue experiment was performed in which 2 and 3 were preincubated with reducing agent before the addition of H 2 O 2 . A solution of either 2 or 3 at a concentration of 100 mM in 100 mM phosphate buffer at pH 7.4 (pD=7.81) was prepared in D 2 O. One equivalent of either Asc or GSH was added to the solution. An initial 1 H-NMR spectrum was acquired to establish the initial time point, then one equivalent of H 2 O 2 was added to the solution and the reaction was monitored by 1 H-NMR every 30 s for 10 min. In the case of 3, identical reaction assays were also monitored by 77 Se-NMR for 10 min.
2.12. Oxidation assay of 2 and 3 in the presence of reducing agent: analysis by LCMS A solution of either 2 or 3 at a concentration of 10 mM in 100 mM phosphate buffer at pH 7.4 was prepared in H 2 O. One equivalent of either Asc or GSH was added to the solution followed by one equivalent of H 2 O 2 and the reaction was allowed to proceed at room temperature for 2 min. The solution was flash frozen in a dry ice/isopropanol bath, lyophilized, and the obtained solid was submitted for LCMS analysis.
Determination of the ratio of 2:1 and 3:1 via 1 H-NMR after oxidation
The ratios of 2:1 and 3:1 were determined by integrating the area of each resonance in 1 H-NMR in order to quantify the amount of desulfurization (or deselenization) in the reaction after 10 min of oxidation. This ratio was determined by integrating the resonances corresponding to 2 or 3 (or 3d) and dividing the obtained values by the integration for the resonance corresponding to 1.
Results
Preparation of water-soluble nucleotide derivatives
In order to study the intermediate oxidation products of the sulfurand selenium-containing nucleobases by 1 H-NMR in short time frames, we synthesized water-soluble uracil-derivatives containing a carboxylic acid at the 5-carbon position as depicted in Scheme 1. The syntheses of these uracil 5-carboxylates uses a cyclocondensation process between diethyl ethoxymethylenemalonate (4) Ura (2) [24]. We were able to synthesize se 5 Ura may yield the products as shown in Scheme 2.
UV-vis spectral characterization and pK a determination
The UV-vis spectra of s 2 c 5 Ura and se which agrees with the previous analysis by Masoud and coworkers [27] . The electronic absorption band at 270 nm was interpreted to be due to a π-π* transition of the carbonyl and thiocarbonyl groups along with hydrogen bonding between N(3)-H and C˭O and N(1)-H and C˭S [27, 28] . The extinction coefficient of this band increases at acidic pH, but decreases at basic pH and is blue shifted to~262 nm ( Fig. S1 of the Supporting Information). This behavior was also previously noted and was interpreted as being due to an equilibrium between thione and thiol tautomers [27] . In contrast, this middle absorption band is missing in the case of se Ura, determined from the inflection points, were 7.68 and 7.11, respectively. As a point of comparison, pK a values of unsubstituted 2-thiouracil and 2-selenouracil were previously determined to be 7.75 and 7.18 respectively [29] , and the pK a of 2-selenouridine (the nucleoside) was previously found to be 7.29 [10] . 
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we next set out to determine if se 2 c 5 Ura could function as a Gpx-mimic, similar to ebselen, a well-studied small molecule selenium-containing Gpx-mimic [25] . The activity was measured using a GR coupled assay (pH 7.6) in which the mimic initially reacts with H 2 O 2 , after which the oxidized mimic is reduced by GSH yielding oxidized glutathione (GSSG). GR reduces the GSSG produced in the reaction using NADPH as a coenzyme, and the activity can then be calculated by measuring the change in absorbance at 340 nm using the extinction coefficient of
). The activity was calculated as the concentration of NADPH consumed (μM) per min per μM of mimic. The activity was then plotted as a function of H 2 O 2 concentration and this plot is shown in Fig. 3 . As can be seen in the figure, sulfur-containing s 2 Ura is exclusively in the selenol form as selones have chemical shifts much further downfield near~1200 ppm [30] . After the addition of H 2 O 2 we took a spectrum averaged over 12 h (i.e. we acquired the data over a 12 h time period). This was done to improve the signal to noise ratio of the spectrum due to a large amount of noise present from the broadcast of a local FM radio station. At this time point, the resonance corresponding to se Ura as both contain a selenoamide [31] .
Because we had taken time points over long time periods, we then attempted the same experiment, but took spectra at shorter time intervals in order to elucidate the path of the redox states during the reaction. Fig. 5 shows an initial spectrum with resonance at 188.5 ppm, followed by a spectrum averaged over 1. Ura is first oxidized to the selenenic acid form (3a), which can then be converted to the diselenide (3d) by multiple pathways (further elaborated in the Discussion). The diselenide form is further oxidized to the selenoseleninate, which is then hydrolyzed to yield the seleninic acid form. largely results in formation of the diselenide. Ura (left panel of Fig. 7) , oxidation products 1, 2a, and 2d were again observed at the two-minute mark. When one equivalent of DTT was added to the reaction mixture at this time interval, intermediate products 2a and 2d were resolved to form 2 and the mixed disulfide 2e (δ=8.09 ppm), which was also evident in the LCMS experiment (m/z=306.9, Fig. S4 Ura come from our LCMS analysis as well as the fact that the peaks we assign to these forms, 2a and 2d in Fig. 7 , are resolved upon the addition of DTT. Only these forms are known to be able to be reduced back to the thiol/thione form of s Ura, the sulfinic acid form (2b) and the sulfonic acid form (2c) are chemically inert to reduction by thiols.
We then repeated this rescue experiment with DTT and se 2 c 5 Ura.
The result of this experiment is shown in the right panel of Fig. 7 and is significantly different in comparison to the same rescue experiment with DTT and s 2 c 5 Ura. As before, oxidation products 1, 3a and 3d were observed in the 1 H-NMR spectrum at the two-minute mark of the reaction, and were confirmed by LCMS analysis (Fig. S5 of Table 1 ), compared to when Asc was absent (0.4:1). This is most likely due to the ability of Asc to scavenge some of the H 2 O 2 in the reaction.
The rescue of the oxidation of se Ura (100 mM) and GSH (100 mM) is shown in the left panel of Fig. 9 . We note that in the presence of 100 mM GSH, the resonance frequency of H a of s 2 c 5 Ura is shifted slightly from 8.07 ppm to 8.09 ppm. This is most likely due to a small change in the pH of the Ura to form the disulfide (2d). This would now mean that the ratio of GSH to 2d is 2:1. The excess GSH would then be able to reduce the disulfide back to s Ura shifted slightly upfield after 18 h of reaction time. This is most likely due to a change in the solution pH as the reaction has progressed.
We then repeated the experiments discussed above with s H-NMR as shown in Fig. 12 . A resonance at 188.5 ppm is visible in the initial spectrum in the presence of either GSH (left panel) or Asc (right panel) before the addition of H 2 O 2 . After 18 h of reaction, the position of the resonance did not change, although the resonance showed broadening in both cases (GSH or Asc). This is likely due to fast exchange that is occurring between redox states even at this point in the reaction due to small amounts of reducing agent still present. No other peak in the 77 Se-NMR spectrum is visible (Fig. S12 of the Supporting Information). H-NMR allowed for spectra to be acquired every 30 s under these conditions. Detection of these intermediates would be difficult otherwise.
Previous analysis of the UV/vis spectrum of s 2 c 5 Ura showed that it exists as an equilibrium mixture of two tautomeric forms, thione and thiol. We now report that the UV/vis spectrum of se 2 c 5 Ura shows only two peaks at 220 and 325 nm (Fig. 1) , suggesting that no equilibrium of tautomeric forms occurs, as the peak that should correspond to the selone form is missing in the spectrum. Definitive evidence of this comes from the 77 Se-NMR spectrum showing a single resonance at 188.5 ppm that corresponds to the selenol form. Selenols have chemical shifts in the range of −300 ppm to +300 ppm in a 77 Se-NMR spectrum, while selones have chemical shifts in the range of 1700-2100 ppm [30] . This is very strong evidence that 2-selenouridine and its derivatives exist in the selenol form as 77 Se-NMR is very sensitive to the electronic structure of the selenium atom. It is interesting that s Ura, which exists solely in the reactive selenol form.
In order to assess how the 5-carboxyl group affects the reactivity of the selenium atom at the 2-position, we performed a titration analysis using UV/vis spectroscopy and determined the pK a of the selenol to be 7.11. In comparison, the unsubstituted 2-selenouracil has a pK a of 7.18. Naturally occurring 2-selenouridines have either a methylaminomethyl or carboxymethylaminomethyl substituent at the 5-carbon position. Takai and Yokoyama, making extensive use of Hammett analysis, noted that both the 5-methylaminomethyl and 5-carboxymethylaminomethyl substituents are electron withdrawing and are therefore expected to slightly lower the pK a of the thiol or selenol at the 2-position [32] . Thus the pK a of 5-methylaminomethyl-2-selenouracil and 5-carboxymethylaminomethyl-2-selenouracil should be slightly lower than 7.18. Based on our experimentally determined value of 7.11, we conclude that se 2 c 5 Ura is a reasonable model for either naturally occurring seleniumcontaining nucleobase. This same rationale is true for the use of s Ura is oxidized such that it is significantly desulfurized. It is likely oxidized first to the sulfenic acid form (RSOH, 2a), and then further oxidized to either the sulfinic (RSO 2 -, 2b) and sulfonic (RSO 3 -, 2c) acid forms, with the latter most likely resulting in elimination of sulfur. The mechanism by which sulfur is lost and selenium is retained is chemically interesting and may be biologically relevant. It has been shown that under acidic conditions oxidation of cyclic thioureas to the sulfinic acid results in an elimination reaction, releasing sulfur dioxide in the process [33] . This mechanism would lead to the conversion of 2-thiouridines to a 4-pyrimidinone riboside under oxidative conditions [16, 17] . The conversion of 2-thiouridine to 4-pyrimidinone riboside results in a conformational change of the nucleoside from 3′-endo to 2′-endo [14] . As a result of this conformational change 4-pyrimidinone riboside shows a preference for pairing with G instead of A [15, 34] . Perhaps more importantly the formation of 4-pyrimidinone riboside can lead to cleavage of the glycosidic bond resulting in an abasic lesion [15] . This abasic lesion can then undergo further cleavage resulting in RNA fragments, and these fragments have been proposed to serve a signaling function [15, 17] .
At basic pH, similar to the conditions used here, it has been proposed that oxidation of thioureas to the sulfinic or sulfonic acid forms would lead to substitution, replacing sulfur with oxygen [33, 35] . This mechanism can explain the production of c Ura. Our data suggests that it is the sulfonic acid form that is required for the substitution reaction to occur. This is because our data using 77 Se-NMR
shows that the pathway of oxidation of se 2 c 5 Ura is most likely to be:
RSeH→RSeOH→RSe-SeR→RSeO 2 - (Figs. 4 and 5 Ura it must be the sulfonic acid form (RSO 3 -, 2c) that leads to substitution. This is supported by the fact that oxidation of (RSeO 2 -to RSeO 3 -is slow, while the oxidation of RSO 2 -to RSO 3 -is fast [18, 36] .
To further clarify the mechanism of oxidation, we show the possible oxidation pathways of se Ura is oxidized by the same pathway. This agrees with the proposed mechanism of the oxidation of ergothioneine, a thiourea-containing compound related to thiouracil [37] , although the direct oxidation pathway (red) could not be ruled out for ergothioneine and it cannot be ruled out here either. Oxidation of the parent compound to the sulfenic/selenenic acid is the first step in all three pathways shown in Fig. 13 . The sulfenic/selenenic acid can be further oxidized to the sulfinic/seleninic acid via the "disulfide" (green) pathway, or the "direct" (red) pathway. Sulfenic and selenenic acids are unstable species [38, 39] and are susceptible to disproportionation [40] [41] [42] [43] , which is a third route by which the sulfinic/seleninic acid can form. We note that we are proposing that s 2 c 5 Ura is desulfurized when it is converted to the sulfonic acid, which is different from the desulfurization mechanism proposed for ergothioneine [37] . Ura (Y=S or Se). Here each derivative is abbreviated as UraYH. The uracil derivatives could be oxidized via a direct oxidation pathway (red) to produce either the sulfinic/seleninic acids or the sulfonic/selenonic acids, which could eliminate sulfur dioxide/selenium dioxide or sulfite/selenite, respectively, to produce uracil-5-carboxylate (Ura). A second pathway (green) involves oxidation of the disulfide/diselenide to form a thiosulfinate/selenoseleninate, which can undergo hydrolysis to the parent compound and the sulfinic/seleninic acid. The parent uracil derivative can then reenter the cycle from multiple entry points. Alternatively, the sulfenic acid/selenenic acid could disproportionate (blue), resulting in production of the disulfide/diselenide and the sulfinic/seleninic acid. This figure is adapted from [37] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Ura in the presence of biologically relevant antioxidants were even more pronounced. Although the experimental conditions used here cannot mimic actual conditions inside a bacterial or mammalian cell, we used a 1:1 ratio of GSH:H 2 O 2 , a condition that might be considered to be an extreme case of oxidative stress inside these cells. The intracellular concentration of GSH in E. coli has been experimentally determined to be 17 mM, while in mammals it is in the range of 1-8 mM [44, 45] . Under conditions of oxidative stress, the intracellular concentration of GSH decreases, but is still present in excess relative to H 2 O 2 . As the data in Fig. 9 Ura from loss of selenium is because once the Se-oxide is formed, it is highly electrophilic and is immediately attacked by GSH, releasing water and forms a mixed selenosulfide bond. A second equivalent of GSH then attacks the mixed selenosulfide to produce GSSG, reforming se Ura. This analysis of the redox cycle was confirmed by the measurement of Gpx-activity in a GR coupled assay (Fig. 3 ). While our experiments involve an individual nucleobase, and not in the context of a stacked anticodon loop of a tRNA molecule, the Gpx-activity of the selenium-nucleobase leads us to hypothesize that rapid attack by glutathione with concomitant formation of a glutathionylated 2-selenouridine is possible (and perhaps even likely) in a bacterial cell. Glutathionylation would result in protection against loss of selenium in tRNA.
In direct contrast with the results discussed above, s 2 c 5 Ura is significantly desulfurized in the presence of equimolar amounts of GSH and H 2 O 2 (left panel of Fig. 9 ). This is because once s 2 c 5 Ura is oxidized to the sulfenic acid (2a) form, it is less likely to be attacked by GSH due to the S-oxide being significantly less electrophilic than the corresponding Se-oxide (reviewed in [18] ). Consequently, further oxidation to the sulfinic (2b) and sulfonic (2c) acid forms occurs, leading to the elimination of sulfur. This analysis is consistent with the observed absence of Gpx-activity of s 2 c 5 Ura. This difference in the rate of reduction of the sulfenic acid form of thiouridine in comparison to the rate of reduction of the selenenic acid form of selenouridine may be further pronounced in the context of a stacked anticodon loop of a tRNA molecule. Even if the thiouridine moeity of a tRNA remains reduced in the presence of excess glutathione, a significant advantage that selenouridine has relative to thiouridine with respect to reversibility of oxidation is that the seleninic acid form (which results when oxidant is in excess) can still be reduced back to the original selenol form, while the corresponding sulfinic acid form of thiouridine will lead to irreversible desulfurization and impaired function of the tRNA molecule.
A very pronounced difference in the oxidation reactions of s Ura is observed when an equimolar amount of Asc is included in the reaction (Fig. 8) Ura. It is interesting to note that the gene required for the conversion of 2-thiouridine to 2-selenouridine is present mostly in bacteria [46, 47] , but bacteria lack Asc. This observation may be relevant to a possible redox/ signaling function of 2-selenouridine.
We can envision two scenarios in which 2-selenouridine may attenuate redox signaling as part of an oxidative stress response in bacterial cells based on our in vitro results. First, a larger percentage of 2-thiouridine may be converted into 2-selenouridine in order to prevent desulfurization of 2-thiouridine with concomitant conversion to 4-pyrimidinone riboside or uridine. However, the opposite scenario may also be true; in response to oxidative stress bacterial cells prevent the conversion of 2-thiouridine to selenouridine so as to promote desulfurization. Our data presented here cannot differentiate these two biological responses. We can say that our selenouracil derivative, se A recent study by Toscano and coworkers of the oxidation of thiols and selenols with nitroxyl (HNO) showed that oxidation of a model thiol compound led to the formation of a sulfinamide, considered to be an irreversible oxidative modification, while the same oxidation of a model selenol led to the formation of the diselenide, a reversible oxidative modification [48] . From this study it was concluded that: "… Nature may have chosen to use selenium instead of sulfur in certain biological systems for its enhanced resistance to electrophilic and oxidative modification." [48] . A near identical hypothesis has been recently reviewed [18] . Our results are in line with those of Toscano and coworkers and show that oxidation of s 2 c 5 Ura leads to irreversible modification, even in the presence of biological reducing agents, while the same oxidation of se 2 c 5 Ura leads first to diselenide formation and then to the seleninic acid (3c), both reversible modifications for selenium-containing compounds [18] . While it is reasonable to suppose that the results of the oxidation reactions performed here would be quite similar in the context of either a nucleoside or oligonucleoside, it remains to be seen whether the same result would be obtained in the context of a native tRNA. If our results can be extended to naturally occurring sulfur-and selenium-containing tRNAs, then incorporation of a selenium into a tRNA would be part of an oxidative stress response in the organisms where it is found. A potential scenario is given in Fig. 14 .
The scenario presented in Fig. 14 , if it occurs inside a cell, suggests
Fig. 14. Reversible oxidative modification of a selenium-containing nucleoside in a tRNA molecule. Oxidation of 2-selenouridine in a tRNA would most likely not lead to a diselenide as initially occurred in our experiments. However, oxidation of selenouridine to either the selenenic acid or seleninic acid could result in a reversible oxidative modification since GSH would readily attack either redox form, eventually restoring the oxidized selenium-nucleoside back to its original form [49] . This is underscored by our finding that se 2 c 5
Ura has Gpx-activity in vitro. If 2-thiouridine were present instead, significant desulfurization could result, leading to loss of function of the tRNA.
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Free Radical Biology and Medicine 104 (2017) [249] [250] [251] [252] [253] [254] [255] [256] [257] [258] [259] [260] [261] that the use of selenium in a tRNA molecule allows it to retain function during oxidative stress. This would be an advantage relative to the sulfur-containing tRNA, which would desulfurize in response to oxidative stress and result in a loss of function. It is now well established the modifications to tRNA, especiallly the wobble position, are important for translation during oxidative stress [50] [51] [52] [53] [54] . An important study by Hidalgo and coworkers showed that the 2-thio modification of tRNA Lys UUU was important for yeast cells to resist oxidative stress due to the importance of this modification in translating stress proteins [55] . The use of selenium in selenouridine, instead of sulfur in thiouridine, may help bacterial cells cope with oxidative stress by a similar mechanism.
Conclusions
Oxidation of our model sulfur-containing nucleobase at basic pH, Ura, is reversibly converted into the diselenide and seleninic acid. The key to this reversibility is the much higher electrophilic character of Se-oxides in comparison to S-oxides, which allow for rapid attack by reducing agents, leading to restoration of the original redox state. This property allows selenium-containing biomolecules to resist permanent oxidation, and this trait is possibly a unifying reason for the use of selenium in both 2-selenouridine and Sec-containing proteins.
